Unravelling the mechanism of the semiconducting-like behavior and its relation to superconductivity in (CaFe 1−x Pt x As) 10 Pt 3 As 8
The in-plane optical properties of (CaFe1−xPtxAs)10Pt3As8 have been investigated for the undoped (x = 0) parent compound, and the optimally-doped (x = 0.1) superconducting material (Tc ∼ 12 K). The undoped material exhibits semiconducting-like behavior, while in the optimallydoped sample, in addition to the semiconducting response, there is a redistribution of the lowfrequency spectral weight resulting in a peak in the optical conductivity at low energy. This absorption is attributed to large polarons. Interestingly, below Tc, this peak also contributes to the superfluid weight, indicating that these trapped electrons also condense into Cooper pairs; this observation may provide insight into the pairing mechanism in iron-based superconductors. In both iron-based superconductors (FeSCs) and cuprates, a variety of fascinating phenomena are observed in the normal state and are believed to have an important connection to the superconductivity (SC) [1, 2] . In the cuprates, a pseudogap develops in underdoped regime well above the critical temperature (T c ) [3] , which has been interpreted as evidence for preformed Cooper pairs without global phase coherence [4] [5] [6] ; on the other hand, competing orders, such as charge-ordered states, have also been proposed as the origin this feature [7] . In FeSCs, one of the most interesting phenomena in the normal state is the emergence of nematicity, or rotational symmetry breaking of the electronic states [8] ; however, its origin and relation to the superconductivity in these materials is still uncertain [2] . The normal-state behavior of these unconventional superconductors may provide clues as to the nature of the pairing mechanism.
The normal state of (CaFe 1−x Pt x As) 10 Pt 3 As 8 (Ca 10-3-8) exhibits very interesting behavior. In its unit cell, the conducting Fe-As layers are intercalated by Ca atoms and insulating Pt 3 As 8 layers, resulting in an inter-layer distance as large as 10.6Å. Transport measurements indicate this material is highly two dimensional (2D) [9] . The phase diagram [ Fig. 4(a) of Ref. 10] indicates that the parent compound is an antiferromagnetic (AFM) semiconductor. Through the application of pressure, or by doping Pt on the Fe site (electron doping), the AFM or-der is suppressed, and superconductivity emerges [11] . However, the semiconducting-like behavior still remains (resistivity increases upon cooling) above the AFM and SC dome [9, 10] , which is reminiscent of the pseudogaplike behavior in cuprates [4] . Investigating the origin of such distinct behavior and how it evolves into a superconductor may provide insight into the pairing mechanism in iron-based superconductors.
In this Letter, the temperature dependence of the inplane optical properties of (CaFe 1−x Pt x As) 10 Pt 3 As 8 for undoped (x = 0) and optimally-doped (x = 0.1) samples have been investigated for the first time. By analyzing the optical conductivity and its associated spectral weight, we demonstrate that the semiconducting-like behavior in the parent compound originates from the AFM fluctuations. In the optimally-doped sample, in addition to the semiconducting-like behavior, we observe an absorption peak in the far-infrared region, which may be described by the large polaron model. Interestingly, below T c ∼ 12 K, this peak also contributes to the superfluid weight, indicating that the trapped electrons also participate in the unconventional pairing mechanism.
High-quality single crystals of (CaFe 1−x Pt x As) 10 -Pt 3 As 8 with good cleavage planes (001) were synthesized using self-flux method [12] . The reflectance from freshlycleaved surfaces has been measured over a wide temperature (∼ 5 to 300 K) and frequency range (∼ 2 meV to about 5 eV) at a near-normal angle of incidence for light polarized in the a-b planes using an in situ evaporation technique [13] . The complex optical properties have been determined from a Kramers-Kronig analysis Figure 1 . The in-plane resistivities of (CaFe1−xPtxAs)10-Pt3As8 for (a) x = 0 (undoped) and inset dρ/dT , and (b) x = 0.1 (optimally-doped); the circles denote σ1(ω → 0) ≡ σ dc . The temperature dependence of the in-plane σ1(ω) of (c) x = 0, and (d) x = 0.1; the insets show σ1(ω) at several temperatures over a wide frequency range. The temperature dependence of the normalized spectral weight over several different frequency intervals for (e) x = 0 and (f) x = 0.1.
of the reflectivity [shown in Supplementary Figs. S1(a) and S1(b); the details of the Kramers-Kronig analysis are described in the Supplementary Material]. The temperature dependence of the in-plane resistivity for the undoped and optimally-doped materials is shown in Figs. 1(a) and 1(b), respectively, illustrating the semiconducting and superconducting behavior. The temperature dependence of the real part of the optical conductivity [σ 1 (ω)] for the undoped parent compound is shown in Fig. 1(c) . Based on its resistivity [ Fig. 1 (a) and inset] and other works [10, 14] , it has been determined that this material undergoes structural and magnetic transitions at T S 96 K and T N 83 K, respectively. Above 96 K, σ 1 (ω) shows metallic behavior, which manifests itself in the form a Drude peak at low frequency. Below 96 K the spectral weight is gradually transferred from below 600 cm −1 to a broad peak centered at ∼ 1200 cm −1 [ Fig. 1(c) ]; the spectral weight is defined here as W (T ) = ω b ωa σ 1 (ω, T ) dω, over the ω a −ω b interval. Such behavior is widely observed in most parent compounds of the FeSCs and is attributed to the formation of a spin-density-wave (SDW) gap [15] . This is in contrast to the optimally-doped sample, shown in Fig. 1(d) , where above ∼ 100 K the optical conductivity shows metallic behavior [ Fig. 1(b) ]. The extrapolated values for the dc resistivity [σ 1 (ω → 0) ≡ σ dc , circles in Figs. 1(a) and 1(b)] are essentially identical to the resistivity, indicating the excellent agreement between optics and transport measurements. By tracking the temperature evolution of the spectral weight in the undoped sample, the transfer of spectral weight from the 0 − 600 cm −1 to the 600 − 2000 cm −1 region occurs well above the Néel temperature (T N ∼83 K) [ Fig. 1(e) ]. This behavior has been widely observed in the parent compounds and underdoped FeSCs, and has been attributed to AFM fluctuations [16] . In the optimally doped sample, below 100 K, the spectral weight below 100 cm −1 is gradually transferred to the 100 − 600 cm −1 region [ Fig. 1(f) ], forming a new absorption peak at about 100 cm −1 . At the same time, the low-frequency conductivity is also suppressed, corresponding to the semiconducting-like response below 100 K [ Fig. 1(b) ]. Upon entry into the superconducting state, the spectral weight in the low-energy region is almost completely suppressed, with σ 1 (ω) 0 below ∼ 20 cm −1 , reflecting the opening of a nodeless superconducting energy gap [17] .
In the parent compound, the SDW transition results in a semiconductor. Since Ca 10-3-8 is highly 2D [18] , the inter-layer magnetic coupling is very weak. Before three dimensional (3D) long-range AFM order can be established, intra-layer 2D short-rang AFM fluctuations are present [16, 19] . Thus, the semiconducting-like behavior just above T N may be regarded as the precursor to AFM order. In the optimally-doped sample, even though the inter-layer coupling is easily destroyed by doping [11] , the 2D AFM fluctuations may still be very strong.
Considering the multi-band nature of FeSCs, we employ a Drude-Lorentz model with multiple Drude components to describe the optical conductivity [20] ,
(1) The first sum describes the free-carrier (Drude) responses with plasma frequencies ω 2 p,j = 4πn j e 2 /m * j , where n j and m * j are the carrier concentration and effective mass, respectively, and scattering rate 1/τ j from the jth band. The second sum of Lorentz oscillators describes bound excitations or interband transitions with position ω k , width γ k , and oscillator strength Ω k ; Z 0
377 Ω is the impedance of free space. The results of the fits to the optical conductivity of the optimally-doped sample are summarized in Fig. 2 . Above 100 K, the conductivity may be described by two Drude and several Lorentz components. The free-carrier response consists of a narrow Drude term that reflects the coherent response and a broad Drude that corresponds to a nearly incoherent background [20, 21] . Below 100 K, the decrease in in- . Since the f -sum rule requires that the sum of the squares of the plasma frequencies should remain constant, it may be inferred that below T * , some of the coherent response has been transferred to the new absorption peak, resulting in a suppressed σ dc , i.e. semiconducting-like behavior.
Although there is semiconducting-like behavior in the normal state, for T < T c 12 K, the resistivity suddenly drops to zero; such a semiconducting-like to superconducting transition is rare in iron-based superconductors. A clear signature of superconducting transition is observed in the reflectivity [ Supplementary Fig. S1(b) ]. In σ 1 (ω), the spectral weight below 20 cm −1 is totally suppressed, indicating the opening of a nodeless superconducting energy gap. The Mattis-Bardeen formalism is used to describe the gapping of the spectrum of excitations in the superconducting state [22, 23] . Because of the shoulder-like structure around 30 cm −1 , to properly model σ 1 (ω), two superconducting gaps at ∆ A 1.12 meV and ∆ B 1.50 meV are used [ Fig. 3(a) ]. The gap ratios 2∆/k B T c 2.2 and 2.9 are close to 3.5, placing (CaFe 1−x Pt x As) 10 Pt 3 As 8 in the BCS weakcoupling limit.
The formation of superconducting energy gaps below T c results in the loss of low-frequency spectral weight that collapses into the superfluid condensate; the strength of the condensate may be estimated in one of two ways. Upon entering the superconducting state, a sizeable fraction of the free carriers condense into a delta function at zero frequency, so that the complex conductivity for the superfluid response could be expressed as [24] 
where ω 2 ps = 4πn s e 2 /m * represents the superconducting plasma frequency, n s is the superfluid density, and m * is an effective mass. Thus, from the imaginary part, we could get 2πω 2 ps Z 0 ωσ s2 (ω). Alternatively, the "missing area" can be analyzed using the Ferrel-Glover-Tinkham (FGT) sum rule:
where the cutoff frequency ω c is chosen so that the integral converges smoothly. Both methods yield the same value of ω ps 2 110 ± 200 cm −1 , shown in Fig. 3 (b), resulting in a penetration depth of λ 0 = 7 500 ± 600Å, in agreement with previous µSR measurements [25] . While most spectral weight of the narrow Drude component has been transferred to the far-infrared absorbtion peak, shown in Fig. 3 (a) , this peak is also suppressed below T c . A key issue is: What becomes of these localized electrons? To address this question, we have considered the FGT sum rule by taking the difference in the optical conductivity between 15 and 5 K, and 100 and 5 K. From the results shown in Fig. 3(b) , we notice that the superfluid stiffness calculated with respect to 15 and 5 K converge at ω c 400 cm −1 (∼ 50 meV). However, between 100 and 5 K the integral converges much more quickly (ω c 200 cm −1 ), a very unusual situation. If only the Drude components condense into the superfluid, the results calculated between 15 and 5 K would converge more quickly, because the Drude component is narrower at low temperature. Such anomalous behavior indicates that there exists extra component in the 100 − 400 cm −1 region that contributes to the superfluid below T c . This implies that the newly-formed absorption peak below 100 K also contributes to the superfluid condensate. Understanding the mechanism of this peak may shed new insights on the unconventional pairing in FeSCs.
In Zn-doped and Ni-doped cuprates, a similar peak was observed [27] ; disorder effects induced by the impurity scattering may give rise to such a peak. However, it cannot explain why this peak partially collapses into the superfluid below T c . A low-energy absorption peak was observed in Mn/Cr doped BaFe 2 As 2 and attributed to collective effects between conducting electrons and magnetic impurities [28] ; however, in (CaFe 1−x Pt x As) 10 Pt 3 As 8 , the Pt 4+ in the Fe-As layers are nonmagnetic, and a low-energy peak has never been observed in iron-based superconductors with nonmagnetic impurities [29] . Thus we can rule out impurity scattering as the origin of the absorption peak. In Figs. 2(a) and 2(b), the spectral weight redistribution is reminiscent of the self-trapping effect caused by the formation of polarons (electrons dressed by phonons) in lightly-doped cuprates [30, 31] . It is useful to analyze σ 1 (ω) at low-temperature (T < 100 K) with the polaron model. For the large polaron model, the optical response of the self-trapped carriers can be described by [32] σ 1,lp (ω) = n p 64 3
where n p is the polaron density, R is the polaron radius, m * and k(ω) are the effective mass and the wavevector of the photoexcited carrier, respectively. The wavevector is defined as k(ω) = 2m * ( ω − 3E p )/ , in which E p is the ground state energy of large polaron. In Fig. 2(b) , the newly formed peak is well described by the large polaron model, which is favored because the small polaron model does not accurately describe the infrared response (Supplemental Fig. S4 ). In the large polaron model, the radius of the polaron is 5.9Å, which is twice as large as the in-plane Fe-Fe distance. The large polaron plasma frequency ω p,lp = 4πn p e 2 /m * 3020 cm −1 , is in good agreement with the depleted coherent carrier response (narrow Drude) below 100 K. In addition, the infrared active E u mode at 250 cm −1 in σ 1 (ω), which involves the Fe-As bonding [33] , displays an asymmetric line shape [34] , suggesting increasing electron-phonon (eph) coupling upon cooling (discussed in the Supplemental Material). Since the polaronic behavior originates from e-ph coupling, this would tend to support the existence of polarons below 100 K. In the parent compound, e-ph coupling is enhanced in the AFM state, indicating intimate relation between magnetism, e-ph coupling, and polaronic behavior in Ca 10-3-8 [31, 35] .
In order to further understand the relation between the semiconducting-like behavior and superconductivity, we performed a magnetic torque measurement on the optimally-doped sample (details are provided in the Supplementary Material). In Fig. 4(a) , we notice that, below T * , the torque τ 0 starts to deviate from the hightemperature T -linear behavior. Below T * , |χ c − χ ab | increases with decreasing H [Fig. 4(b) ]. Both indicate a non-linear susceptibility [36] . Approaching T c , this non-linearity appears to diverge in the zero-field limit, strongly suggesting that the superconducting fluctuations are caused by preformed Cooper pairs [37] . In addition, the inelastic neutron scattering and nuclear magnetic resonance also observed preformed Cooper pairs in Ca 10-3-8 [25] . Preformed pairs are typically observed in strong-coupling systems, in which the coherence length is comparable with the inter-particle distance [37] ; however, 2∆ 2.2 − 2.9k B T c places optimally-doped Ca 10-3-8 in BCS weak coupling limit. To reconcile this discrepancy, we propose that if those electrons dressed by phonons form a large polaron, this could greatly enhance the inter-electron interaction. If two polarons are close enough, they could form a bipolaron [38] , which would be responsible for the diamagnetic signal in Fig. 4(b) . The semiconducting-like behavior below T * also indicates a different prepairing mechanism from that of FeSe [37] or the cuprates [5, 36] .
In summary, through optical and magnetic torque measurements, we find that in the parent compound the semiconducting-like behavior originates from short-range magnetic fluctuations that could be regarded as the precursor to AFM order. In the optimally-doped sample the semiconducting-like behavior may arise from the formation of large polarons, which may also have a magnetic origin. Since the polaron-related absorption also contributes to the superfluid and the diamagnetic signal below 100 K, we propose that the semiconductinglike behavior in the optimally doped sample could be regarded as the precursor of the superconductivity. Our study points to the intimate relation between lattice, magnetism and superconductivity in this material. Supplementary material for: Unraveling the mechanism of the semiconducting-like behavior and its relation to superconductivity in (CaFe 1−x Pt x As) 10 
EXPERIMENTAL DETAILS
High-quality single crystals of (CaFe 1−x Pt x As) 10 Pt 3 As 8 (Ca 10-3-8) with good cleavage planes (001) were synthesized using self-flux method [1] for x = 0 and 0.1. The resistivity measurements of were performed using a Quantum Design Physical Property Measurement System (PPMS). The reflectivity from a freshly-cleaved surface has been measured at a near-normal angle of incidence using Fourier transform infrared spectrometers (Bruker Vertex 80v and IFS 113v) for light polarized in the a-b plane using an in situ evaporation technique [2] . Data from ∼ 15 to 45 000 cm −1 were collected at different temperatures from ∼ 5 to 300 K using an ARS Helitran open-flow cryostat. The optical conductivity has been determined from a Kramers-Kronig analysis of the reflectivity R(ω). Because the measurement is performed over a finite energy range, extrapolations are necessary for ω → 0, ∞ [3] . Below the lowest measured frequency, the Hagen-Rubens relation [R(ω) = 1 − A
√ ω] for a metal is used, while above the highest-measured frequency (45 000 cm −1 ), R(ω) is assumed to be constant up to 7 eV, above which a free-electron response (∝ ω −4 ) is used [4] . Figures S1(a) and S1(b) show the temperature dependence of the reflectivity R(T, ω) of the undoped and optimallydoped samples. In the far-infrared region, at high temperature, both display a typical metallic response, with the reflectivity approaching unity at zero frequency and increasing upon cooling. However, for the parent compound, below T * 150 K, the reflectance below 1000 cm −1 is suppressed continuously with decreasing temperature. For the optimally-doped sample, below T * 100 K, similar behavior is also observed for the reflectivity below 100 cm −1 , but an abrupt upturn emerges in the reflectance when T < T c , corresponding to the superconducting transition observed in the resistivity [ Fig. 1(b) ].
FANO MODEL
Infrared-active lattice vibrations are typically described by the Lorentzian oscillator [5] :
where ω 0 , γ 0 and Ω 0 are the position, width, and strength of the vibration, respectively. The corresponding real part of the optical conductivity is
(in units of Ω −1 cm −1 ); Z 0 377 Ω is the impedance of free space. While the Lorentz model is suitable for the vibrations with symmetric lineshapes [ Fig. S2(a) ]; coupling between the lattice and spin or charge background would result in asymmetric line shape, which can be described by an asymmetric Fano profile, shown in Fig. S2(b) . The dielectric function for a Fano-shaped oscillator is [6, 7] (ω) = Ω 2 0
where the asymmetry is described by the dimensionless parameter 1/q = ω q /ω 0 . The complex conductivity isσ(ω) =
The real and imaginary parts of the optical conductivity are then [8] :
and
As 1/q 2 increases, the line shape becomes increasingly asymmetric, corresponding to the enhanced coupling between phonon and the spin or charge background. The real and imaginary parts of the optical conductivity have been fit to the infrared-active E u mode at ∼ 250 cm −1 ; this mode primarily involves displacements of the Fe and As ions. In both the parent and optimally-doped samples, the electron-phonon (e-ph) coupling is enhanced upon cooling, shown in Figs. S3(b) and S3(d), respectively. In the parent compound, the e-ph coupling increases rapidly with the formation of AFM order below T N ; however, just above the Néel temperature, e-ph coupling is also enhanced due the presence of AFM fluctuations. Thus, we suggest that the e-ph coupling, as well as the possible polaronic behavior, in Ca 10-3-8 may be related to the magnetism, similar to the cuprates [9] . Photon Energy (meV) Figure S4 . The Drude-Lorentz fit to the real part of the optical conductivity for the optimally doped Ca 10-3-8 sample at 15 K, decomposed into individual Drude and Lorentz terms. In this figure, we have used the small polaron model to fit the hump-like structure around 100 cm −1 . Although this peak could be described with this model, a large discrepancy could be seen at higher frequencies in the mid-infrared region.
DISCREPANCY BETWEEN SMALL POLARON MODEL AND THE NEW ABSORPTION PEAK
For very-strong e-ph coupling, the phonon could localize the electron with the formation of small polaron. The hopping of the small polaron is assisted by photons or thermal fluctuations. An explicit analytical expression for the frequency dependence of the optical conductivity of small polarons may be written as [10] :
where β = 1/(k B T ), and E a is the activation energy for hopping conduction of the small polarons. Figure S4 shows the fitting to the newly-formed absorption peak in the optical conductivity with small polaron model superimposed on a Drude-Lorentz background. Compared to the large polaron model, the small polaron model shows large discrepancies in the high-frequency part of the response, suggesting that the small polaron model does not adequately describe the electrodynamics of this material.
DETERMINATION OF THE SUPERFLUID RESPONSE
The superfluid plasma can also be estimated from the imaginary part of the optical conductivity [11, 12] . In the superconducting state the real part of the optical conductivity could be expressed as:
in which σ res 1 (ω) is the conductivity, which does not contribute to the superfluid. The Kramers-Kronig transform of Eq. (S7) yields the imaginary part of the optical conductivity: The imaginary part of the optical conductivity, σ 2 (ω), may be calculated directly from the reflectivity R(ω). The second term of Eq. (S8), may be calculated from the residual conductivity σ res 1 (ω) , which is simply the real part of the finite-frequency conductivity in the superconducting state. In Fig. S5 we show the imaginary part of the optical conductivity σ 2 (ω) and the imaginary part of the conductivity calculated from σ res 1 (ω); the difference between these two curves is 2πω 2 ps /(Z 0 ω).
MAGNETIC TORQUE
The magnetic torque was measured as a function of angle and magnetic field over a wide temperature range by using a piezoresistive magnetometry. In piezoresistive magnetometry, the torque lever chip, together with a puck, is mounted on a PPMS horizontal rotator. The sample is mounted on the center of the chip using Apiezon N grease. A wheatstone bridge circuit (integrated on the chip) detects the change in the resistance of the piezoresistors, produced by the changing magnetic torque [13] . During the measurement, the sample rotates around b axis, so that magnetic field H is located in the a-c plane, as shown in Fig. S6(a) . With this method, we can eliminate the isotropic Curie contribution due to impurity spins [14] .
The magnetic torque is defined as τ (T, H, θ) = 1 2 (χ c − χ ab )H 2 sin 2θ, in which χ c is the magnetic susceptibility with the magnetic field H ĉ and χ ab , H ⊥ĉ, θ is the angle between H and c axis [as shown in Fig. S6(a) ]. Therefore, τ 0 = 1 2 (χ c − χ ab )H 2 reflects the susceptibility anisotropy of Ca 10-3-8 [13, 15, 16] . The θ-dependent magnetic torque is shown in Fig. S6 
